This paper presents the study of magnetic bearings regarding a linear model. Initially, the advantages of magnetic bearings are referenced, in relation to the existing technology. Subsequently, the linearized model of the system is presented and the need for closed loop and control of the system is clarified. This need leads to further analysis of linear controllers like P, I, D, PI, PD, and PID. For each of them, the stability of closed loop system is studied, using the characteristic equation of the system and the RouthHurwitz criterion. To this end, the boundary conditions for the existence of the stability of each of them are found and presented. After finding the controllers' characteristic parameters which could provide stability to the system, simulation tests with existence of white noise follow. Finally, the proposed PID controller performance is examined, based on existing laboratory data, and results concerning the stability of this controller are presented.
Introduction
Magnetic bearings are an improved type of bearings which promise to replace the conventional bearings technology like ball or oil film lubricated bearings. This new technology offers many advantages. The absence of contact between the bearing and the rotor makes it ideal to be used in vacuum applications and sterile clean rooms. Without friction between the shaft and the bearing higher speeds can be attained, up to yield strength of the shaft. Because of the absence of the lubrication seals, the dimensions and limits of strength can be changed, allowing the use of larger and more stiff shaft. Increasing the stiffness of the shaft offers many advantages and solutions to the problems occurring at high speeds as well as those coming from vibrations. Problems such as vibration isolation and the ability of the system to exceed critical speeds while being resistant to external shocks can be improved. Finally, the most powerful advantage is the lack of mechanical wear. This has resulted in lower maintenance costs and longer life of the shaft. The advantages of this new technology are not just limited only on the bearings but are spreading to the motors that could work with these new bearings. These motors can have smaller shaft length. This will make the existence of a higher critical speed possible, while at the same time contributing to stable operation of the motor. In the early design of compressors and turbines, it was of great importance to locate the rotor critical speeds so as to insure that a turbo rotor would not be operating at a critical speed. This has to do with the stiffness and damping coefficients that simulate the oil film behavior and further affect the dynamic of the rotor-bearing system [1] . A lot of work has been done regarding the stiffness and damping coefficients determination, showing the importance of this topic [2] . All of these advantages have contributed to the further study of magnetic bearings [3] [4] [5] [6] . Although the active magnetic bearings have a lot of advantages as described above, when coming to their dynamics researchers found that they are hard to be mastered. Also it is difficult to get their precise mathematical model. Furthermore, the PID method is less relying on the mathematical model regarding the control issue. So, PID control is used for the control of the magnetic levitation systems. However, because the general PID controllers always have only one couple of constant parameters, it is difficult some times to meet the need of control performances. That is why nonlinear control strategies have been also developed. PID control schemes 2 International Journal of Rotating Machinery were presented by the authors in [3, 5, 6] . They presented the advantages of the use of the linear magnetic bearing models in combination with PID control laws. These studies have contributed to the further investigation of the magnetic bearing and to the improvement of it. Farmakopoulos et al. [7] presented PID models regarding a linear active magnetic bearing and a hybrid magnetic bearing. They also presented the limits of the stability of the proposed controllers.
A variation on the conventional PID control is a cascaded PI/PD position control as presented in [8] . The advantages of the PI/PD control are transparent design, simple realization, and a higher closed loop damping and stiffness in comparison with the conventional PID control.
The application of ∞ optimal control design to AMBs began soon after the introduction of ∞ control theory by Zames [9] in 1981. An important requirement in most practical AMB applications is that the stiffness of the controlled system, when subjected to unknown dynamic disturbance forces or loads, should not be below a given value for some specified frequency range. The new theory was applied by Herzog and Bleuler [10] to synthesize an ∞ control and demonstrate its effectiveness in dealing with "worst case" disturbances within the specified frequency range. In [11] , Fujita et al. designed and experimentally tested an ∞ controller for robust stability in the presence of various perturbations and uncertainties in plant parameters for an AMB system with satisfactory results.
A series of papers have been presented regarding the nonlinear control models and stability issues in [6, 12, 13] . The Volterra method is described in [14] while in [15] the LPV control models are also discussed.
In this paper, linear controllers in terms of P, I, D, PI, PD, and PID are analyzed and their stability issues of closed loop system, using the Routh-Hurwitz criterion, are presented. Also, the suitability and the applicability of each of the proposed controllers, in a one-dimensional active magnetic bearing, and its characteristic parameters, are analyzed and discussed. For better harmonization with the real data, our system is disturbed by the presence of white noise. This method is widely accepted in control studies. The noise values vary in a range of 0.001-0.01 V. This helps to better evaluate the linear controllers. A linear control model can be targeted on small perturbations round the equilibrium point of the rotor bearing system, that is why it has some deviations of a nonlinear model. However, many systems operate in linear regions, so the PID control schemes may have a wide range of applications. The goal of this paper is to investigate the control performance of the magnetic bearings under noise disturbances. This is done using a simplified bearing model.
Models and Formulations
For better understanding and easier analysis, a linearized model which consists of a small shaft and a pair of electromagnets ( Figure 1 ) is used (1D magnetic bearing). The system is at rest and the shaft can be moved between the electromagnets. So, the forces produced by electromagnets should counterbalance the weight of the rotor. The shaft has 5 cm diameter and 5 cm length. It is assumed that the mass density of the shaft is 7.9 g/cm 3 for sake of convenient calculations. The number of turns of each pole is 50 and the gap between the shaft and the inner wall of the bearing set is 0.5 mm [8, 12, 13] .
Below the basic operational characteristics are calculated in order to define and to evaluate the PID control schemes for the described electromechanical system.
(1) The weight of shaft can be calculated as below:
The weight of the rotor has direction that is shown in Figure 1 .
(2) Calculation of bias current ( bias ) is as follows. At the equilibrium point of the shafts inside the bearing the following equation must be valid:
For better understanding of the system the block diagram ( Figure 2 ) is shown. From (2) the following expression is derived:
where is gap between shaft and bearing inner wall. is the number of turns. 0 is nominal inductance.
is a force-current factor and N/A is the units of measurement (newton/ampere):
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The transfer function of the magnetic bearing following the Figure 2 can be written as
Neglecting unbalance and gyroscopic forces, (7) can be transformed in the Laplace domain, giving the transfer function:
The poles of the transfer function that correspond to an unstable system are 1,2 = ±√ / , and using these poles, the AMB plant is an unstable system. For this reason a closed loop control scheme is necessary.
Considerations of PID Control
The closed loop system can be stable in the presence of a controller. In linear models the most common and effective controllers are the P, I, D, PI, PD, and PID. Each of these controllers has its own advantages. These features will be mentioned below.
Proportional Controller (P).
The controller output is proportional to the error, contributes to the reduction of the rise time, and reduces but never eliminates the steady-state error.
Integral Controller (I).
It has as a result the elimination of the permanent fault but deteriorates the transient response.
Differential Controller (D).
It has the effect of increasing the stability of the system by reducing the rise and improving the transient response.
The influence of each controller type in the individual characteristics of the system is shown in Table 1 . 
Proportional-Differential Controller (PD).
It has as a result the reduction of the rise and the reduction of the restoration time. But it has a little effect on the rise time and the steady-state error.
Proportional-Integral (PI).
It has as a result the elimination of the permanent error and reducing the rising time but greatly increases the restoration time.
Proportional-Integral-Differential Controller (PID).
It has as a result the elimination of the permanent error and the rise. Simultaneously it achieves the reduction of rising and restoration time [16, 17] .
Proportional Controller (P).
Assuming the existence of proportional control, the system is as follows:
To ensure system stability, the gain of the proportional controller must issue the following condition:
Integral Controller (I).
Assuming the existence of Integral control the system is
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The roots of the denominator are
To ensure the stability of the system, the real part of these roots must satisfy the following inequality:
The above inequality cannot be satisfied for any value of . So, integral control of the system is not feasible.
Differential Controller (D).
Assuming the existence of differential controller, the system becomes
The above inequality cannot be satisfied for any value of D . So, differential control for our system is not possible.
Proportional-Integral Controller (PI).
Assuming the existence of proportional-integral controller the system becomes
To ensure the stability of the system, the real part of these roots must satisfy the following condition:
The above inequality is not satisfied for any value of , P . So, a stable proportional-integral controller is not feasible for the entire system.
Proportional-Differential Controller (PD).
Assuming the existence of proportional-differential controller the system is the following:
To ensure system stability, the real part of these roots must satisfy the following condition:
Case 1. If the root is negative,
With negative discriminant,
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Adding in members to (25) and (26) the following can be obtained:
Using (25) the below expression occurs:
Proportional-Integral-Differential Controller (PID).
Assuming the existence of proportional-integral-differential controller the system is the following:
In the case of marginal stability the poles of the system are zero:
Based on this treaty, the stability of the system is proven after satisfying the following conditions:
Simulation Results
In this paragraph, the system is simulated in terms of P, PD, and PID controllers for which control stability of the system can be guaranteed. For better results, the model as well as stability provided by each controller has been tested by introducing white noise. The white noise in the system simulates external disturbances which can adversely affect the system. Its form is ideal and the noise is independent of frequency as its spectrum has the same constant value for all frequencies. The simulated system is shown in Figure 3 .
For the procedure testing of controllers white noise is introduced with two levels of noise, 0.01 volts and 0.001 volts.
From the below experimental data it is shown that optimal combination is achieved by PID controller. Using the PID controller a very small displacement of the rotor from its equilibrium position is accomplished under the influence of white noise. Simultaneously, the values of the control current remain small at desired levels. These levels ensure that the magnetic bearings do not influence the neighboring magnetic fields. A further advantage of the controller, known from the theory, is the most direct smoothing achieved in the system because of the presence of integral controller.
P Controller.
Initially setting the proportional gain to 8875.1, the results obtained are shown in Figures 4 and 5 .
In Figures 4 and 5 the position of the rotor is shown. It has been observed that values cannot be accepted as they lead to large control currents and large values of the divergence of the shaft.
For optimization of the controller, the proportional gain has been increased to 12000; results for the same noise levels are presented in Figures 6 and 7 .
Figures 6 and 7 present the position of the shaft of the bearing. It has been observed that values cannot be accepted as they lead to large control currents. These large control current values presented in P controller could possibly create a fairly forcible magnetic field, which could adversely affect the magnetic field of the machine creating the movement of the rotor.
PD Controller.
During the same procedure we set the proportional gain to 12.2083 and the differential gain to 1.9875. For these gain values, results are presented in Figures  8 and 9 .
Figures 8 and 9 correspond as well in the position of the rotor center with respect to the bearing center. It has been observed that values cannot be accepted as they lead to large values of the divergence of the shaft. To increment the response speed of the controller, the proportional gain has been increased to the value of 192.8569 and the relevant differential gain to a value of 7.8867. For these values the following results in Figures 10 and 11 are obtained.
From Figures 10 and 11 results the fact that the values correspond to the rotor position can be accepted.
PID Controller.
At the end of the test procedure the corresponding gains of PID controller were defined which are 
Control Investigation Using Experimental Data
After choosing a PID controller that satisfies the stability criteria while giving a satisfactory response rate, the system International Journal of Rotating Machinery has been tested using experimental noise data [7] . This data consists of recorded noise in a range of 0.0048 volts. The PID parameters were found for the proportional gain to be 319.0187, for the integral gain to be 1273.2977, and for the differential gain to be 7.2565 . Several values have been tested for the gains and corresponding curves of reference tracking.
The above values of gains have been selected as they give faster response with low current. The faster response which has been chosen is shown in Figure 18 . This figure shows that the rise time and the recovery time are very small (rise time < 0.002 sec, recovery time < 0.015 sec); simultaneously steadystate gain is very small. The results corresponding to the above PID values are shown in Figures 16 and 17 .
In the next step a fastest controller must be found. So, the following PID controller was constructed, with the following reference tracking which as it is shown in Figure 18 . The proportional gain is 1526.6269, the integral gain is 13330.5096, and the differential gain is 15.8724. Using the above PID values, the system response is shown in Figure 19 .
It is depicted from Figure 19 that the proposed PID values lead to a constant gain and relative small control currents while the rotor center remains low. So, these PID values can be considered as suitable.
System Stability.
The stability of the system can also be proved by the mathematical study of the transfer function of the closed loop system with the above controller PID values:
where the proportional gain is 1526.6269, the integral gain is 13330.5096, and the differential gain is 15. 
The transfer function which appears in (32) has 4 poles, of which 2 are real and 2 are complex. All of them have negative real part, which means that they are in the left half-plane. This is a necessary and sufficient condition for system stability. Observing the real poles of the system, it is perceived that the system has quick response as these two poles have not an imaginary part ( 1 = −9.7145, 2 = −90.13387). Simultaneously the two complex poles of the system have small ratio of the real to the imaginary part. This helps to cancel the oscillation of the system. All the above are perceived by observing Figure 19 which is the system response with PID controller. 
Conclusion
In this paper the control of a linear model of a magnetic bearing is presented. Τhe equations of the closed loop systems with the individual linear controllers have been analyzed and the conditions for control stability have been investigated. From the above analysis, the control performance of the magnetic bearing has been studied with a linear model and three types of controllers, P, PD, and PID. Subsequently, these three controllers have been simulated and characteristic results have been derived with the presence of white noise. Then, in order to avoid large values in the associated gains, while keeping the system within certain limits, the PID controller has been selected. For this purpose the corresponding gains have been selected in order to satisfy the required boundary conditions. Then the specific controller has been tested through simulation. Finally, the mathematical model was studied and the stability of the controller was proved. 
